INTRODUCTION
Our present knowledge of water and electrolyte metabolism in young infants is derived almost wholly from balance studies. The high degree of regulation described by such studies is effected by renal mechanisms which we are attempting to define. In any study of kidney function it is necessary to select certain criteria for evaluating the observed data. In young premature infants, this problem of selection is made difficult by the possibility that the substances commonly followed in adult studies may be handled differently either by the immature kidney as such or by the immature organism as a whole. The urea clearance is probably the criterion most often employed in clinical studies of the adult subject. Its use and significance in the infant are less well established. Some studies (1, 2) have suggested that the urea clearance in infants, as in adults, is dependent on urine flow; others (3, 4) have claimed that the two values are independent in infants, and that this represents a functional difference between the immature and the mature kidney.
Another, and perhaps more useful criterion in adult studies has been the clearance of inulin, now well established as a measure of glomerular filtration. There is little information about the clearance of inulin in the infant; it has been suggested that in infants this clearance, although independent of the plasma level of inulin, as in the adult, differs in that it is dependent on rate of urine flow ( 1, 5) .
We considered that simultaneous clearances of inulin and urea at various rates of urine flow would 1 Aided by a grant from the U. S. Public Health Service. Mannitol and park-aminohippurate were supplied by Sharp & Dohme, Inc. 2 Presented in part before the American Physiological Society, Atlantic City, N. J., March 19, 1948 (Fed. Proc., 1948 , and before the Society for Pediatric Research, Atlantic City, N. J., May 4, 1948. serve not only to establish a criterion of kidney function in the infants, but might help in the interpretation of previous work where only urea was studied. If inulin clearances measure glomerular filtration rate in the young infant, such studies would in addition yield information on the renal mechanism for water excretion. METHODS Clearances were measured in 21 well, female, premature infants, aged three to 28 days, whose birth weights ranged from 1740 to 2480 Gm. and whose weights at the times of observation were 2060 to 2400 Gm. Their surf ace areas, calculated by the formula 5.188 X Wt.-" (6), were 0.163 to 0.178 sq. M. A minimum of four and a maximum of 21 clearance periods were measured in any one infant. All observations were made in the air-condi. tioned metabolism unit in which the temperature and humidity were maintained at 26°C. and 60 per cent respectively.
Low rates of urine flow were produced by withholding feedings and water for varying periods of time up to 12 hours, and by using single injections of inulin rather than a continuous infusion. High urine flows were produced by giving water and feedings by mouth or by the intravenous infusion of 25 per cent mannitol, 0.9 per cent NaCl, 5 or 10 per cent dextrose, singly or in combination. Tables I and Ia show the protocols and data for clearances done on falling plasma levels after single or repeated injections. Table Ib includes similar data for clearances done using the usual priming and sustaining technic (7) .
Urine was collected through an indwelling catheter, and the bladder was completely emptied by blowing out with air. The largest multi-holed soft rubber catheter that could be introduced with very slight pressure, usually a size 10 or 12 French catheter, was used and no leakage was observed even during periods of marked straining. Twenty thousand units of penicillin were given intramuscularly immediately and 12 hours after each clearance study. There was never any evidence of local tissue reaction or bladder infection from the catheterization.
In the earlier observations, the urine was collected in 10or 25-ml. graduated cylinders calibrated in 0.1 or 0.2 ml., and the volumes read directly. Later, the urine was allowed to drain into 50-ml. volumetric flasks, diluted to the mark from a 50-ml. burette and the urine volume calculated by difference. The latter method is more accurate and the immediate dilution of the sample prevents precipitation of inulin or mannitol.
The large scalp veins were found most convenient for drawing blood samples for analysis, since the desired 2 ml. could be obtained without interfering with the infusion.
The plasma was separated and -the proteins precipitated within two hours.
The dosage of inulin, mannitol and para-aminohippurate (PAH) for individual infants was calculated on the basis of weight and expected clearance. When low urine flows were desired, single injections were used, and the clearances measured during the fall in plasma concentration. When a constant infusion was given, the concentration of the substances in the infusion fluid was varied; the total volume and rate of infusion were the same.
The infusion was given through a 22-gauge needle into an ankle, foot or hand vein.
The rate was controlled by a Shannon- Bradley clamp 3 and measured by a pipette-manometer 3 Available from The Harvard Apparatus Co., Inc., Dover, Mass. mannitol per kilogram body weight were injected the first inulin consisted of 1.5 ml. of a 10 per cent solution per arrangement suggested by White and Findley (8) . Figure 1 shows that when the rubber tubing is clamped at B, the rate of fall of the fluid in A, a graduated 5-ml. pipette, may be timed and the rate of infusion regulated by adjustment of the tunnel clamp at F. After calibration with the manometer, the rate of infusion may be estimated in the usual manner by counting drops per unit time at the drip-bulb, C, which also permits observation of the course of the infusion.
The T-tube at E allows rapid drainage for replacement of the infusion solution.
A filter is inserted at D.
Chemical methods.
Mannitol was determined in plasma and urine by the method of Corcoran and Page (9) ; inulin by a modification 4 of the method of Hubbard and Loomis (11) ; and para-aminohippurate by the method of Marshall as described by Goldring and Chasis (7) . Urea was determined by the micro-diffusion method of Conway (12) , and clearances of NH. plus urea were calculated.
In some cases, urea was also determined by the method of Archibald (13) , and the clearances calculated from 4 The acid mixture used by Harrison (10) for the hydrolysis of inulin was substituted for the acid-alcohol mixture employed by Hubbard and Loomis.  TABLE ia these values agreed well with those of the Conway method. No preservatives were used in the urine. In the few instances in which determinations were not done on the day of collection, the sterile catheterized samples were stored in the refrigerator in sterile flasks. Determinations on samples stored in this way showed no change from the original value within 24 hours. All determinations were done in duplicate, and usually required a total of 1 ml. of plasma. When colorimetric methods were used, a calibration curve was run with each group of unknowns and reagent blanks were used for center settings.
Pre-injection samples of plasma and urine were used for blank determinations in all clearances; the urine blanks were calculated and subtracted as milligrams per minute to allow for variations in the rate of urine flow.
The values for plasma concentrations of all substances were plotted on the logarithmic scale against time on the linear scale of semi-logarithm paper. The plasma concentrations interpolated at the mid-points of the periods were used in the calculation of the clearances. All clearances were calculated as UV/P. Since the relation of the clearances in young infants to surface area, body weight, metabolic rate, age or other standards of reference has not been fully established, we have the uncorrected values.
presented only
RESULTS
Values for 229 urea clearances and 110 inulin clearances with rates of urine flow in 23 series of observations on 21 subjects are given in Table I . Graphic analyses of these data are shown in Figures 2, 3, 4 and 5. In Figure 2 , the influence of urine flow on urea and inulin clearances is shown. At urine flows below 0.1 ml. per minute the urea clearances were less than 3.0 ml. per minute and were markedly below the inulin clearances so that the symbols representing the two separate completely. At urine flows above 0.4 ml. per minute, on the other hand, there was considerable overlapping. Analysis of the data from only those periods when simultaneous inulin and urea clearances were measured is shown in Figure 3 Priming injections consisted of 2.0 ml. of 10 per cent inulin, 1.0 ml. of 25 per cent mannitol, and 0.025 ml. of 20 per cent para-aminohippurate per kilogram body weight. Sustaining infusions were given at the rate of 0.5 ml. per minute and the concentrations of the substances varied on the basis of expected plasma levels and clearances. rate of urine flow becomes apparent; but for a given increase in urine flow, particularly at low rates, the urea clearances increased much more than the inulin clearances.
In most instances the course of a diuresis was followed until the urine flow returned to the original rate; four examples are shown in Figure 4 . In one, the urea clearance was higher during periods of increasing urine flow than during periods of decreasing flow when the rates were the same. This is the effect found by Shannon (14) in the dog and by Chasis and Smith (15) , in man. The other three examples, which are more representative, showed no such relationship.
The foregoing analyses have considered only the excretion of water and urea. Figure 5 shows the relationship of urea reabsorption expressed by the urea/inulin clearance ratio to water reabsorption expressed by the inulin U/P ratio (14) . That there is a high degree of correlation between the reabsorption of these substances is obvious, as was the correlation between their excretions shown in Figure 4 . A similar relationship between the tubular reabsorption of urea and of water has been described in normal adult human subjects and in patients with glomerulonephritis and with hypertensive disease (15) . The relationships in the various groups of subjects, while similar, are not identical; in fact, the data from the premature infants are more comparable to those from patients with glomerulonephritis or hypertensive disease, and are decidedly different from those from normal adults. A possible interpretation is that there is a back-diffusion or reabsorption of inulin in premature infants. This explanation seems unlikely because a constant clearance of inulin may be maintained in the presence of wide variations in water reabsorption. Furthermore, the mannitol/inulin clearance ratio is the same as in adult subjects in whom inulin is certainly a measure of glomerular V-
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FIG. 1. DIAGRAM OF THE INFUSION APPARATUS
A, a 5-ml. Mohr pipette; B, rubber tubing from reservoir; C, drip-bulb; D, filter; E, side-arm for draining reservoir; F, Shannon-Bradley tunnel clamp. filtration. Berger, et at. (16) , have found that the infusion, of mannitol depresses the clearance of inulin in adults; Table II shows that in our observations on infants no such effect was observed. There are two factors, however, which may account for the difference in the two series: the difference in age of the subjects and the fact that the plasma levels of mannitol in the infants were around 50 mg. per 100 ml., whereas in the adults they were usually between 125 and 150 mg. per 100 ml. ( 17) . The clearance of any substance excreted solely by glomerular filtration should be (a) independent of plasma concentration; (b) independent of urine flow; (c) not influenced by the excretion of any known substance; (d) identical with that of other substances known to measure glomerular filtration. The clearance of inulin in these premature infants satisfies the first three of these criteria: it is independent of plasma concentrations from 12 to 68 mg. per 100 ml.; it is independent of rates of urine flow from .032 to 1.13 ml. per minute; it is not influenced by any substance used in these studies, i.e., glucose, mannitol or PAH. The direct comparison of inulin clearance with any established measure of glomerular filtration in the infant is impossible, since no substance has been proved to measure glomerular filtration in the infant. However, the average mannitol/inulin clearance ratio in these infants is 0.883 which is almost identical with that of 0.902 found by Corcoran and Page for adults, in whom inulin is a proved measure of glomerular filtration. Inulin is, therefore, probably excreted solely by the glomerulus in infants.
The inulin clearance in premature infants is low compared to that of adults, not only as an absolute value but when expressed in terms of surface area. The average clearance for this group of premature infants corrected for surface area is less than 50 ml. per 1.73 sq. M, whereas the average value is 117 ml. (7) for the adult female. This low rate of glomerular filtration in young infants has been observed previously (1, 4, 5, (18) (19) (20) It is obvious from the preceding data that the clearance of inulin is a valuable aid in studying the kidney function of premature infants. On the other hand, urea clearance alone is without meaning; it can be interpreted only when glomerular filtration is known. This is because it is de- pendent upon several different independent variables: glomerular filtration, tubular transfer of water and rate of change of urine flow. Urea clearance is, therefore, dependent upon both glomerular and tubular activity, and measures no specific renal function. If urine flow changes at a rapid rate, the relation of urea clearance to urine flow is occasionally disturbed. Shannon (14) has described abrupt increases in urea clearance during the onset of a diuresis ("exaltation"), and we find marked depressions in the urea clearance with rapid decreases in urine flow in several instances; the two points at a U/P ratio of 20 and a urea/ inulin clearance ratio of 0.3 to 0.4 in Figure 5 were examples of this. In general, it is true that urea clearances vary directly with rate of urine flow, but the quantitative change in clearance is unpredictable: in Figure 5 , at an inulin U/P ratio of 20, the urea clearance varied from 35 to 80 per cent of the inulin clearance. The variation in an individual experiment is shown in Figure 4 . It has been reported that infants showed no consistent change in urea clearance with urine flow (3, 4) , but the range of observations in those studies was narrow, and if their data are plotted on our graphs, the points fall on our curves. If inulin does measure glomerular filtration, then the inulin U/P ratio measures the tubular reabsorption of water. After moderate water deprivation inulin U/P ratios as high as 227 were found in premature infants. This indicates that, in the immature kidney, water is conserved when dehydration occurs without electrolyte loss, chiefly by increased tubular reabsorption of water rather than by decreased glomerular filtration. This mechanism of water conservation is comparable to that of the adult. Measurements of osmotic pressure and of specific gravity have not given a true evaluation of water conservation in infants (21) (22) (23) . This may be explained by the fact that these values are determined not only by the tubular reabsorption of water, but by the reabsorption of solutes as well.
Tubular reabsorption of water is believed to be under the control of the anti-diuretic hormone of the posterior pituitary. Finding a high capacity for water reabsorption by the tubules of the premature infant's kidney conflicts with the finding of Heller (24) that the tubules are relatively insensitive to pitressin. We have, in a preliminary way, put this to the test by more crucial observations than those employed by Heller. A representative observation in a six-day-old, 2200-Gm. premature infant is shown in Figure 6 . High inulin U/P ratios were found, as expected, following 16 hours of water deprivation. The infant was then given enough fluid to produce a water diuresis during which the U/P ratios fell as indicated. Pitressin was then infused at the rate of 1 milliunit per minute and an immediate rise in the U/P ratio followed. These observations indicate a good response of the tubules of the premature infant to anti-diuretic hormone. We cannot, at the present time, explain the finding of higher inulin U/P ratios following water deprivation than during pitressin infusion. This discrepancy apparently does not represent a peculiarity on the part of pre-mature infants, however, since Taylor, et al. (25) , measuring urine specific gravity, found the same difference in response in adults. CONCLUSIONS 1. The renal clearance of inulin in premature infants apparently measures glomerular filtration.
2. The inulin clearances of premature infants are low compared to those of adults on a basis of surface area.
3. Urea clearances of premature infants are also low, but cannot be used in estimating glomerular filtration since they have a variable relationship to inulin clearances. The ratio of urea clearance to inulin clearance is markedly influenced by urine flow.
4. The renal tubules of the premature infant are capable of reabsorbing more than 99 per cent of the water in the glomerular filtrate.
5. The renal tubules of the premature infant are responsive to the pituitary anti-diuretic hormone. 
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